Among the four different types of thyroid cancer, treatment of medullary thyroid carcinoma poses a major challenge because of its propensity of early metastasis. To further investigate the molecular mechanisms of medullary thyroid carcinoma and discover candidates for targeted therapies, we developed a new mouse model of medullary thyroid carcinoma based on our CGRP CreER mouse line. This system enables gene manipulation in parafollicular C cells in the thyroid, the purported cells of origin of medullary thyroid carcinoma. Selective inactivation of tumor suppressors, such as p53, Rb, and Pten, in mature parafollicular C cells via an inducible Cre recombinase from CGRP CreER led to development of murine medullary thyroid carcinoma. Loss of Pten accelerated p53/Rb-induced medullary thyroid carcinoma, indicating interactions between pathways controlled by tumor suppressors. Moreover, labeling differentiated parafollicular C cells by CGRP CreER allows us to follow their fate during malignant transformation to medullary thyroid tumor. Our findings support a model in which mutational events in differentiated parafollicular C cells result in medullary thyroid carcinoma. Through expression analysis including RNA-Seq, we uncovered major signaling pathways and networks that are perturbed following the removal of tumor suppressors. Taken together, these studies not only increase our molecular understanding of medullary thyroid carcinoma but also offer new candidates for designing targeted therapies or other treatment modalities.
Thyroid carcinoma represents the most common endocrine malignancy (1) . Medullary thyroid carcinoma (MTC) 2 comprises ϳ5% of thyroid cancer (2) . Compared with the more common papillary and follicular thyroid cancers, medullary thyroid carcinoma is prone to early metastasis to lymph nodes. Consequently, the survival rate of medullary thyroid carcinoma is comparatively lower. Treatment of these patients with advanced diseases poses a major challenge when surgical resection and use of radioiodine are no longer options (3) (4) (5) (6) . In fact, MTC accounts for more than 14% of thyroid cancer-related deaths. Uncovering new genes and pathways required for the development or survival of medullary thyroid carcinoma (7, 8) is critical to inventing novel targeted therapies or other options for treating these patients (9, 10) .
Approximately 20% of medullary thyroid carcinomas are associated with inherited multiple endocrine neoplasia type 2 endocrine syndromes, and the remaining 80% are sporadic (11) . Most hereditary medullary thyroid carcinomas harbor mutations in RET (rearranged during transfection) (12, 13) , a receptor tyrosine kinase, which signals through the RAS-MAPK and PI3K-AKT pathways (14) . Similarly, RET mutations have been identified in a significant fraction (40 -50%) of sporadic medullary thyroid carcinoma (15) .
In addition to RET, genetic analysis of mice deficient in tumor suppressors revealed a role for these genes in medullary thyroid carcinoma development. For instance, Rb-deficient mice developed medullary thyroid carcinoma. Conditional inactivation of Rb using Villin-Cre also induced highly aggressive medullary thyroid carcinoma in mice (16) . Moreover, conditional inactivation of Rb throughout gestation via a surfactant protein C-rtTA/tetO-Cre system resulted in medullary thyroid tumors caused by Cre induction in a subset of thyroid cells (17) . Loss of p53 in addition to Rb led to rapid tumor progression in this model (17) . Interestingly, medullary thyroid carcinoma from Rb/p53 heterozygous mice carried somatic cysteine mutations in RET, which were observed in human medullary thyroid carcinoma (18) . Elucidating the molecular interactions between mutant RET and other oncogenes/tumor suppressors during medullary thyroid carcinoma development will further our understanding of how signaling pathways control tumor initiation, progression, and metastasis. This approach when complemented by genomic and expression analysis of medullary thyroid carcinoma or cell-based screens would offer new candidates for targeted therapies in patients with metastatic medullary thyroid carcinoma.
Medullary thyroid carcinoma is generally believed to originate from parafollicular C cells that are interspersed in the interstitial space between thyroid follicles (19) . By contrast, the other three types of thyroid cancers (papillary, follicular, and anaplastic) are derived from the follicular epithelium. This conclusion is mainly derived from the observation that medullary thyroid tumor cells display immunohistological features characteristic of parafollicular C cells including secretion of neuropeptides such as calcitonin (CT), calcitonin gene-related peptide (CGRP), chromogranin A, and synaptophysin (SYP). Furthermore, transgenic overexpression of mutant forms of RET proteins, which are found in hereditary medullary thyroid carcinoma, using a 2-kb CT/CGRP promoter fragment led to medullary thyroid carcinoma in mice (20) . In this setting, the CT/CGRP promoter fragment would drive mutant RET protein overexpression during thyroid development in embryogenesis and throughout adult life at a level significantly higher than that of endogenous Ret. Importantly, these transgenic mice recapitulate essential aspects of hereditary medullary thyroid carcinoma.
Although there is a consensus on the origin of medullary thyroid carcinoma, the nature of tumor-initiating cells and the early events of medullary thyroid carcinoma development are not fully understood. One approach to address these issues is to utilize the inducible Cre-lox system in mice to manipulate gene activity selectively in parafollicular C cells at physiological levels. This would permit production of mouse models of both hereditary and sporadic medullary thyroid carcinomas. The interactions between tumor suppressors during development of medullary thyroid carcinoma can be illuminated. In addition, this approach will provide insight into early stages of medullary thyroid carcinoma. These studies would complement published work on animal models of medullary thyroid tumors that largely rely on global, non-selective, or non-inducible gene activation/inactivation in the thyroid (21) .
In this study, we utilized the CGRP CreER (22) and Ascl1-(Mash1) CreER (23) mouse strains that allowed us to control gene expression specifically in parafollicular C cells. By inactivating tumor suppressors in lineage-labeled parafollicular C cells, we revealed synergistic interactions between tumor suppressors during medullary thyroid carcinoma development. This system also demonstrated that medullary thyroid carcinoma can originate from differentiated parafollicular C cells. RNA-Seq analysis of murine medullary thyroid tumors uncovered pathways and networks perturbed in the absence of tumor suppressors. Selecting driver mutations from these studies will provide new candidates for targeted therapies or other treatment methods of medullary thyroid carcinoma.
Results

Inducible Expression of CreER from the Mouse Calca or Ascl1 Locus Confers Spatial and Temporal Control of Gene Expression
in Parafollicular C Cells of the Thyroid Gland-To regulate gene activity in parafollicular C cells, we utilized the CGRP CreER mouse line that we previously reported (22) . In this strain, CreER was introduced into the endogenous mouse Calca (calcitonin/calcitonin-related polypeptide, alpha) locus by gene targeting (24, 25) . Transcripts from the Calca locus encode CT and CGRP because of tissue-specific alternative RNA splicing. CGRP CreER is selectively expressed in differentiated parafollicular C cells in the thyroid. CreER encodes a fusion protein of Cre recombinase and estrogen receptor, and CreER is active only when tamoxifen (TM) is present (26) . In this system, tamoxifen administration to CGRP CreER mice provides an efficient way to control Cre activity in a temporally and spatially specific manner. For example, tamoxifen injection into adult CGRP CreER mice would confer exclusive Cre activation in parafollicular C cells after thyroid development is completed ( Fig. 1A ). When combined with the widely used Cre-lox system, CGRP CreER offers an essential tool to manipulate gene activity in parafollicular C cells to assess their role in medullary thyroid tumor development.
To test the efficiency and specificity of CreER expression in CGRP CreER mice, we bred CGRP CreER mice with ROSA26 mTmG reporter mice (27) to generate mice carrying the genotype of CGRP CreER/ϩ ; ROSA26 TmG/ϩ . Cre activation upon tamoxifen administration resulted in eGFP expression from the ROSA26 mTmG allele by removing sequences that block its expression ( Fig. 1 , B-S). Parafollicular C cells were identified using multiple markers including anti-CT, anti-SYP, and anti-ASCL1 (MASH1) ( Fig. 1 , F, I, L, and O). The specificity of CreER expression in parafollicular C cells was demonstrated by the observation that no eGFP expression was detected without TM injection ( Fig. 1 , E-G) and cells not expressing markers of parafollicular C cells were not labeled by eGFP in CGRP CreER/ϩ ; ROSA26 mTmG/ϩ thyroid following tamoxifen treatment ( Fig. 1 , H-P). Follicular cells marked by NKX2.1 were not labeled by eGFP in CGRP CreER/ϩ ; ROSA26 mTmG/ϩ thyroid, whereas parafollicular C cells expressed both NKX2.1 and eGFP ( Fig. 1 , Q-S). Depending on the dose and frequency of tamoxifen administration, ϳ90% of parafollicular C cells can be labeled by eGFP ( Fig. 1 , H-P), indicating efficient recombination in this cell type. No expression of eGFP was detected in parafollicular C cells in ROSA26 mTmG/ϩ mice under a similar condition. R26R reporter mice (28) gave identical results to ROSA26 mTmG/ϩ reporter mice. These findings indicate that CreER expression from CGRP CreER mice is specific and sufficient to permit the manipulation of gene activity in differentiated parafollicular C cells.
We performed parallel experiments using the Ascl1 CreER mouse line (23) to label parafollicular C cells ( Fig. 1 , T-W). In addition to parafollicular C cells, Ascl1 was also expressed in several neurons in the brain and scattered cells in the adrenal medulla ( Fig. 1 , X-Y) and is likely turned on at an earlier time point than CGRP during development. We found no significant differences between the efficiency and specificity of parafollicular C cell labeling between CGRP CreER and Ascl1 CreER . Although either mouse line would be sufficient for manipulating gene activity in parafollicular C cells, CGRP CreER would offer a unique opportunity to target differentiated parafollicular C cells.
Selective Inactivation of Tumor Suppressors, p53 and Rb, in Parafollicular C Cells Leads to Production of Murine Medullary
Thyroid Carcinoma-To further investigate the molecular mechanisms of medullary thyroid carcinoma development, we employed the CGRP CreER mouse line to inactivate tumor suppressors exclusively in parafollicular C cells in adult mice. This would circumvent the issues associated with transgenic overexpression in a non-inducible fashion and persistent expression throughout embryonic development (20) or non-selective gene inactivation in the thyroid (17) . We chose to ablate p53 and Rb, two major tumor suppressors, in parafollicular C cells. Mice with germ line deletion of p53 and Rb (in particular, Rb) developed multiple tumors including tumors of endocrine origin (29, 30) . Our approach relies on conditional inactivation of p53 and Rb by using floxed alleles of p53 (p53 f ) and Rb (Rb f ) (31) in which essential regions of p53 and Rb would be removed to generate null alleles in the presence of Cre recombinase. We set up breeding to produce CGRP CreER/ϩ ; p53 f/f ; Rb f/f mice (abbreviated as p53 Ϫ/Ϫ ; Rb Ϫ/Ϫ or double knock-out (DKO) in the figures) ( Fig. 2 , A-C). We administered tamoxifen intraperitoneally at the dose of 0.25 mg tamoxifen/g body weight daily three times to these adult animals of both sexes at 4 -7 weeks of age. The mice were monitored for tumor development over a period of 12 months.
We found that selective ablation of p53 and Rb in parafollicular C cells resulted in proliferation of parafollicular C cells at an early stage (for example, 1-2 months after tamoxifen injection) and tumor development shortly afterward ( Fig. 2, A, B , and D). The phenotype is completely penetrant (100%), and a visible thyroid mass was commonly seen after 2-3 months of tamoxifen administration. These mice lost weight and exhibited labored breathing. Nearly all of them succumbed to the disease less than 6 months post-TM injection (Fig. 2F ). For our analysis, we collected the thyroids of these mice for analysis when their general conditions required euthanasia by the approved protocol. The majority of the cohort was analyzed at ϳ5-6 months post-TM injection. More than 40 DKO mice were studied in this way.
Histological analysis of thyroid tumors revealed round, polygonal, or spindle cells with small, round nuclei, characteristic of medullary thyroid carcinoma ( Fig. 3 , A-C and F-H). Normal architecture of the thyroid was disrupted by invading tumor cells ( Fig. 3 , A-C and F-H), which displayed increased cell proliferation detected by either BrdU incorporation or anti-Ki67 staining ( Fig. 3 , K-M, and data not shown). The tumor cells also expressed signature markers for parafollicular C cells such as ASCL1 (MASH1) ( Fig. 3 , P-R), SYP ( Fig. 3 , U-W), and CT (data not shown). These results indicate that selective ablation of p53 and Rb in parafollicular C cells results in medullary thyroid carcinoma. This not only confirms parafollicular C cells as the cells of origin for medullary thyroid carcinoma but also Round parafollicular C cells in the thyroid were identified by CT expression. E-S, immunostaining of thyroid sections from CGRP CreER/ϩ ; ROSA26 mTmG/ϩ adult mice. Extensive labeling of parafollicular C cells in the thyroid by eGFP was observed as indicated by colocalization of eGFP (green) and SYP (red), CT (red), or ASCL1 (red) signals after three TM injections. No labeled parafollicular C cells were detected in CGRP CreER/ϩ ; ROSA26 mTmG/ϩ adult mice without TM injection. NKX2.1 was detected in both columnar follicular and round parafollicular C cells. Follicular cells marked by NKX2.1 were not labeled by eGFP in CGRP CreER/ϩ ; ROSA26 mTmG/ϩ thyroid. T-V, immunostaining of thyroid sections from Ascl1 CreER/ϩ ; ROSA26 mTmG/ϩ adult mice. Similarly, extensive labeling of parafollicular C cells in the thyroid by eGFP was observed upon TM injection. No apparent difference was discerned between CGRP CreER/ϩ and Ascl1 CreER/ϩ mouse lines in this assay. W-Y, immunostaining of sections from the thyroid, adrenal medulla, and brain of Ascl1 CreER/ϩ ; ROSA26 mTmG/ϩ adult mice. Several neurons in the brain, parafollicular C cells, and scattered cells in the adrenal medulla also displayed Ascl1 CreER activity. provides a new mouse model for studying the molecular basis of medullary thyroid carcinoma development.
Simultaneous Ablation of Multiple Tumor Suppressors, p53, Rb, and Pten, in Parafollicular C Cells Accelerates the Development of Murine Medullary Thyroid Carcinoma-The genetic system we developed also offers a unique opportunity to investigate the interactions between oncogenes/tumor suppressors during thyroid cancer development. In particular, the PI3K-AKT system plays a key role in RET signaling (32) , and PI3K-AKT perturbation is associated with tumors of neuroendocrine tissues (33) . Thus, we studied how PI3K/AKT signaling may contribute to medullary thyroid tumor development. PTEN is known to play an essential role in controlling AKT activity by opposing PI3K, and mutations in Pten are associated with many types of human cancers.
We investigated whether deletion of Pten, which mimics PI3K activation and perturbs AKT signaling, would facilitate the development of medullary thyroid carcinoma either by itself or in conjunction with loss of other tumor suppressors such as p53 and Rb. Similarly, we took advantage of the conditional allele of Pten (Pten f ) (34) and Pten in parafollicular C cells. These mice developed more prominent medullary thyroid carcinoma compared with CGRP CreER/ϩ ; p53 f/f ; Rb f/f mice at the same stage ( Fig. 2, B, D , and E). Similarly, the phenotype is completely penetrant (100%). These mice lost weight and exhibited labored breathing. In fact, almost all CGRP CreER/ϩ ; p53 f/f ; Rb f/f ; Pten f/f mice did not survive beyond 2 months post-TM administration (Fig. 2F ). For our analysis, we collected the thyroids of these mice for analysis when their general conditions required euthanasia by the approved protocol. The majority of the cohort was analyzed at ϳ2 months post-TM injection. More than 50 TKO mice were investigated in this manner.
Histological analysis of p53/Rb/Pten-deficient tumors revealed its similarity to p53/Rb deficient tumors, including invasion of normal thyroid tissue (Fig. 3 , D and I), increased cell proliferation (Fig. 3N ), and expression of markers characteristic of parafollicular C cells including ASCL1 (MASH1) (Fig. 3S) , SYP ( Fig. 3 , Z-CЈ), and CT ( Fig. 3 , DЈ-GЈ). Tumor cells also expressed NKX2.1, supporting their epithelial origin ( Fig. 3 , HЈ-KЈ). These results suggest that activation of AKT signaling by Pten deletion collaborates with other tumor suppressors (e.g. p53 and Rb) and contributes to the development of medullary thyroid carcinoma.
All DKO and TKO mice perished post-TM injection in a defined time course as described above (Fig. 2F ). These mice died most likely from a combination of thyroid dysfunction and respiratory failure, including thyroid and lung tissue destruction, obstruction of the trachea by the thyroid tumors, and adverse effects from secreted amines and peptides from neuroendocrine tumors. We did not observe any signs of metastasis of small cell lung cancer to the thyroid and vice versa at the time of our analysis.
We also examined tumor development in CGRP CreER/ϩ ; mice revealed that almost all tumor cells were labeled by eGFP a few months after TM injection (Fig. 4 , A-C, and data not shown). To determine the origin of these labeled tumor cells, we traced tumor development to earlier stages. Extensive labeling of parafollicular C cells by eGFP was apparent even at 1 week post- (Fig. 4, D-I) . Importantly, many of these eGFP-labeled parafollicular C cells in CGRP CreER/ϩ ; p53 f/f ; Rb f/f ; Rosa26 mTmG/ϩ or CGRP CreER/ϩ ; p53 f/f ; Rb f/f ; Pten f/f ; Rosa26 mTmG/ϩ mice were proliferating in comparison with the quiescence of eGFP-labeled cells in CGRP CreER/ϩ ; Rosa26 mTmG/ϩ mice (Fig. 4, J-L) . Proliferation of parafollicular C cells led to medullary thyroid tumors in which all tumor cells were labeled by eGFP ( Fig. 4 , A-C, and data not shown). The proliferation rate of eGFP-labeled parafollicular C cells was higher in p53/ Rb/Pten triple knock-out mice than p53/Rb double knock-out mice during the process of parafollicular C cell hyperplasia (Fig.  4M) . These results suggest that mature parafollicular C cells underwent hyperplasia caused by the loss of tumor suppressors and subsequently led to tumor formation. Our system provides a unique opportunity to study the initial events of medullary thyroid tumor development.
Parafollicular C Cells and Thyroid Cancer
Human and Murine Medullary Thyroid Carcinoma Displays Active PI3K/AKT Signaling-Recent studies have shown that the PI3K/AKT pathway is involved in neuroendocrine tumor initiation and progression including medullary thyroid carcinoma (33) . We first examined phospho-AKT (Ser 473 ) (pAKT) status in 10 primary human medullary thyroid carcinoma samples. pAKT was robustly expressed in 80% (8 of 10) of medullary thyroid carcinoma samples ( Fig. 5C ) but not in normal human thyroid tissues (Fig. 5A ). All of the tumors displayed neuroendocrine features and stained positive for neuroendocrine markers such as SYP (Fig. 5B) . These findings suggest that the PI3K/ AKT pathway is active in the majority human medullary thyroid carcinoma.
The PI3K/AKT signaling pathway is expected to be active after Pten elimination. Therefore, we assessed PI3K/AKT signaling by examining pAKT expression using immunohistochemistry in our mouse models. Strong pAKT signals were present in TKO tumors at 2 months post-TM administration (Fig. 5, E and F) . Weaker pAKT signals were also observed in DKO tumors at 5 months post-TM administration (Fig. 5D) . These data support a model in which loss of Pten activates PI3K/AKT signaling and facilitates tumor progression of p53/ Rb-deficient medullary thyroid tumors.
RNA-Seq Analysis of Murine Medullary Thyroid Carcinoma Reveals Genes and Pathways Perturbed Because of Loss of
Tumor Suppressors-As a first step toward uncovering the molecular mechanisms that underlie the pathogenesis of medullary thyroid carcinoma, we performed RNA-Seq analysis on medullary thyroid tumors derived from CGRP CreER/ϩ ; p53 f/f ; Rb f/f ; Pten f/f mice. RNA from wild-type thyroid instead of parafollicular C cells was used as a control because it is challenging to isolate an adequate number of wild-type parafollicular C cells. We validated differential gene expression caused by loss of tumor suppressors by qPCR analysis.
Ingenuity Pathway Analysis (IPA) of RNA-Seq data identified a number of canonical pathways that were enriched in the differentially expressed genes (Fig. 6A ). Among the top pathways enriched are cAMP-mediated signaling, actin cytoskeleton signaling, G protein-coupled receptor (GPCR) signaling, liver X receptor (LXR)/retinoid X receptor (RXR) activation, and integrin-linked kinase signaling. Moreover, thyroid cancer signaling and thyroid hormone receptor/RXR activation were also enriched. Interestingly, the LXR/RXR pathway was activated, whereas cAMP-mediated signaling, actin cytoskeleton signaling, and integrin-linked kinase signaling were inhibited in medullary thyroid tumors (Fig. 6A) . These findings form the basis of future mechanistic studies to understand how these pathways may confer tumor properties.
We also asked whether major signaling pathways were perturbed in medullary thyroid tumors. Although most major signaling pathways were down-regulated, we found that the expression levels of Axin2, indicative of Wnt pathway activation, was elevated ( Fig. 6B) . Similarly, this insight will enable studies to uncover the molecular basis of how major signaling pathways control tumor development and survival. Analysis of genes whose expression was altered in medullary thyroid tumors (Fig. 7A ) could provide tumor biomarkers and important drivers of tumorigenesis. Ingenuity Core analysis identified several gene networks with significant alterations in medullary thyroid tumors. The highest scoring network centered almost completely on GPCR as a hub (Fig. 7B) , highlighting its potential role in thyroid tumor devel-opment. To examine the cause of transcriptional alterations in thyroid tumors, we performed regulator effects analysis using IPA. The regulator effects analysis not only identifies upstream regulators of genes with altered expression in RNA-Seq but also connects these genes with known homeostatic and disease processes. The top regulator identified by IPA is Ccl11. Reduced Ccl11 expression as revealed by RNA-Seq could lower the expression of Bmp6, Cxcl12, Dpp4, Fas, Fgf10, Icam1, Itga1, Itgam, Itgb1, Lep, and Vegfc, consequently inhibiting multiple processes including adhesion of tumor cells, vascularization, and activation of leukocytes (Fig. 7C ). Genome-wide expression analysis of medullary thyroid tumor thus is a productive way to reveal the molecular underpinnings of various aspects of tumor biology.
Discussion
Medullary thyroid carcinomas are prone to early metastasis, severely limiting treatment options for patients with extensive disease. This underscores the urgent issue of identifying new drug targets for treating medullary thyroid carcinomas. Because RET mutations (denoted RET(ϩ)) have been well documented in hereditary medullary thyroid carcinoma and in a significant fraction of sporadic medullary thyroid carcinoma, inhibitors of RET are proven for clinical use in treating these patients (37, 38) . Conceivably, tumor cells would eventually develop resistance to RET inhibitors as has been observed in other types of cancers that are initially sensitive to receptor tyrosine kinase inhibitors (39) . This could be due to second site mutations in receptor tyrosine kinases, a shift toward dependence on other genes or signaling pathways for tumor survival, or even epithelial to mesenchymal transition, all of which could confer resistance. These obstacles highlight a central issue of identifying new genes and pathways that are perturbed during tumor development or progression.
In this study, we created mouse models of medullary thyroid carcinoma in which tumor development followed a defined time sequence upon removal of tumor suppressors. Our findings suggest that major tumor suppressors, such as p53, Rb, and Pten, could interact and play a key role in the development of RET(Ϫ) medullary thyroid tumors. Furthermore, even in RET(ϩ) medullary thyroid tumors, tumor suppressors may contribute to tumor phenotypes including tumor progression and metastasis.
Our RNA-Seq analysis of murine medullary thyroid carcinoma uncovered a significant number of genes, the expression of which was perturbed because of a loss of major tumor suppressors. Moreover, several pathways were also perturbed in murine thyroid tumor tissues. In fact, microarray analysis of human medullary thyroid carcinoma has uncovered a number of these pathways (40) . This further validates our mouse model for understanding the molecular basis of medullary thyroid tumor development and metastasis. A major challenge in genome-wide mutational or transcript analysis is to reveal the in vivo function of gene mutations or gene/pathway activation and repression. CRISPR technology could provide an efficient method to investigate how one or more of these genes and pathways mediate the effects of tumor suppressors during medullary thyroid tumor development. It is interesting to note that CDK5 has been identified as an upstream regulator of RB in medullary thyroid carcinoma (41) . This provides an opportunity to investigate whether CDK5 controls genes and pathways unveiled in our expression analysis.
We used RNA from wild-type thyroid as controls for RNA-Seq of medullary thyroid carcinoma. It is technically difficult to isolate a sufficient number of wild-type parafollicular C cells as controls. Use of wild-type thyroids as controls could have affected the analysis of RNA-Seq data of thyroid cancer. For instance, genes that are up-regulated in medullary thyroid tumors may have been missed in our analysis if they are also expressed in cells in the thyroid other than parafollicular C cells. In addition, genes with low levels of expression in parafollicular C cells will be underrepresented in wild-type thyroid, and this could lead to false identification of up-regulated genes in medullary thyroid carcinoma. Nevertheless, we speculate that many tumor-related transcripts would still have been uncovered in our approach.
Interestingly, we found that Wnt and Notch signaling is perturbed in response to loss of tumor suppressors. Activation of Wnt signaling has been associated with anaplastic thyroid cancer and in some cases papillary or follicular thyroid tumors (42) . Increased Wnt target gene expression in our mouse model of medullary thyroid carcinoma suggests that Wnt pathway activation could be a general mechanism that contributes to thyroid tumor development. Consistent with this, up-regulation of DKK4 (Dickkopf-related protein 4) associated with Wnt pathway activation was reported in human medullary thyroid carcinoma carrying the RET M918T mutation (40) .
Our finding of reduced Notch signaling in medullary thyroid carcinoma is consistent with a previous report in which Notch signaling is silent in medullary or anaplastic thyroid tumors and activation of Notch signaling reduces tumor growth (43, 44) . This is also in agreement with the observation that down-regulation of Notch signaling is associated with neuroendocrine cell differentiation during development. Further analysis of how these signaling pathways control tumor cell properties will offer new insight into changes in signaling networks during tumor evolution (45) .
Our mouse model also provides a unique opportunity to identify genes disrupted at different stages of medullary thyroid tumor development, a task not feasible if human tumor tissues are used. This is particularly relevant for investigating early tumor development. Because parafollicular C cells are labeled by eGFP upon tamoxifen administration in our genetic system, proliferating C cells can be isolated by FACS for expression and genomic analysis including RNA-Seq and Exome sequencing. Such analysis can identify markers for early diagnosis of medullary thyroid carcinoma. Moreover, driver mutations required for tumor growth, survival, progression, and metastasis can be uncovered, offering potential candidates for designing new targeted therapies or developing other types of therapies. Complementary to these efforts, we will derive cell lines from medullary thyroid carcinomas, which will provide a platform for screening small molecules that control tumor growth or apoptosis.
Development of medullary thyroid carcinoma in our mouse model, in which tumor suppressors are inactivated selectively in differentiated parafollicular C cells in adult mice, provides insight into the early stages of medullary thyroid carcinoma development. Our work complements previous studies in which transgenic overexpression of mutant RET protein under the control of a 2-kb CT/CGRP promoter led to development of medullary thyroid carcinoma in mice (20) . In this system, mutant RET protein is overexpressed in all cells that activate the 2-kb CT/CGRP promoter during thyroid development and in adult life. Our findings are consistent with a model in which medullary thyroid tumors can initiate in mature parafollicular C cells that proliferate in response to loss of tumor suppressors or other genetic perturbations. Nevertheless, we cannot completely exclude the possibilities that medullary thyroid carcinoma can also be derived from a small number of unidentified progenitors or stem cells or be transdifferentiated from other cell types. Without markers available to label and follow the fate of early progenitors that give rise to parafollicular C cells, this issue cannot be unambiguously resolved.
Experimental Procedures
Materials-Mouse lines. All animal work was carried out in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. The protocol was approved by the Institutional Animal Care and Use Committee at the University of California, San Francisco.
CGRP CreER mice were generated by gene targeting to introduce CreER into the endogenous Calca locus as described (22) . p53 floxed (p53 f ) (FVB.129-Trp53 tm1Brn ) and Rb floxed (Rb f ) (FVB;129-Rb1 tm2Brn ) mice were obtained from the NCI Mouse Repository. Pten floxed (Pten f ) (C;129S4-Pten tm1Hwu /J), ROSA26 mTmG (Stock Gt(ROSA)26Sor tm4(ACTB-tdTomato,-EGFP)Luo /J), R26R (B6; 129S4-Gt(ROSA)26Sor tm1Sor /J), and Ascl1 CreER (STOCK Ascl1 tm1.1(Cre/ERT2)Jejo /J) mice were obtained from the Jackson Laboratory. The following primers for mouse genes were used for PCR genotyping of the conversion of a conditional (floxed) allele to a null allele: Gapdh (forward, 5Ј-AGG-TTGTCTCCTGCGACTTCA-3Ј; reverse, 5Ј-CCAGGAAAT-GAGCTTGACAAAGTT-3Ј), p53 (forward, 5Ј-CACAAAAA-CAGGTTAAACCCA-3Ј; forward, 5Ј-AAGGGGTATGAG-GGACAAGG-3Ј; reverse, 5Ј-GAAGACAGAAAAGGGGA-GGG-3Ј), Rb (forward, 5Ј-GGCGTGTGCCATCAATG-3Ј; reverse, 5Ј-GAAAGGAAAGTCAGGGACATTGGG-3Ј; reverse, 5Ј-CTCAAGAGCTCAGACTCATGG-3Ј), and Pten (forward, 5Ј-TCCCAGAGTTCATACCAGGATTTAAG-3Ј; reverse, 5Ј-AATCTGTGCATGAAGGGAACACGTCA-3Ј; reverse, 5Ј-GCA-ATGGCCAGTACTAGTGAAC-3Ј).
Tamoxifen (Sigma) stock solution was dissolved in Mazola corn oil (Sigma) at 50 mg/ml. Adult mice (4 -7 weeks old) of both sexes were injected intraperitoneally with 0.25 mg tamoxifen/g body weight daily three times. The mice were monitored for tumor development over a period of 12 months.
Immunohistochemistry-Mouse thyroids and thyroid tumors were dissected and fixed overnight at 4°C in 2% paraformaldehyde. Tissues were embedded in paraffin wax and sectioned at 6 m or embedded in OCT and sectioned at 10 m. Human medullary thyroid carcinoma samples were purchased from Fanpu Biotech, Inc. (Guilin, China). Histological analysis was performed as described (22) .
Histology and immunohistochemistry was performed following standard procedures. The following primary antibodies were used: chicken anti-GFP (1:200; Abcam catalog no. ab13970), rabbit anti-CGRP (1:400; Sigma catalog no. C8198), Ki67 (1:200; BD Biosciences catalog no. 550609), rabbit anti-SYP (prediluted; Life Technologies catalog no. 08-0130), rabbit anti-CT (1:100; Agilent catalog no. A057601-2), rabbit anti-NKX2.1 (1:200; Epitomics catalog no. 2044 -1), mouse anti-ASCL1 (MASH1) (1:200; BD Biosciences catalog no. 556604), and phospho-AKT (Ser 473 ) (D9E) rabbit mAb (1:100; Cell Signaling Technologies catalog no. 4060). Secondary antibodies and conjugates used included donkey anti-chick DyLight 488 (1:1000; Jackson ImmunoResearch Laboratories), donkey anti-rabbit Alexa Fluor 594 (1:1000; Life Technologies), donkey anti-mouse AlexaFluor 594 (1:1000; Life Technologies), and DAPI (1:10,000; Sigma). For the visualization of biotinylated secondary antibodies (goat anti-rabbit, 1:1000 and goat antimouse, 1:1,000; Jackson ImmunoResearch Laboratories), we used streptavidin-horseradish peroxidase (Jackson ImmunoResearch Laboratories) and diaminobenzidine as a chromogen.
Fluorescent images were acquired using a SPOT 2.3 camera connected to a Nikon E1000 epifluorescence microscope. Adjustment of RGB histograms and channel merges were performed using Advanced SPOT. Confocal images were captured on a Leica laser-scanning confocal microscope. Adjustment of red/green/blue histograms and channel merges were performed using ImageJ.
qPCR-Wild-type thyroid and medullary thyroid tumor tissues from CGRP CreER/ϩ ; p53 f/f ; Rb f/f or CGRP CreER/ϩ ; p53 f/f ; Rb f/f ; Pten f/f mice were dissected and homogenized using a glass homogenizer in TRIzol reagent (Life Technologies). RNA was purified through an RNeasy mini-spin column (Qiagen). RNA was eluted in water and examined with NanoDrop spectrophotometer and Agilent Bioanalyzer. 1 g of total RNA from each sample was reverse transcribed using SuperScript III First-Strand Synthesis System (Life Technologies). qPCR was performed with SYBR Green system (Roche) in an ABI Prism 7900HT sequence detection system. The following primers for mouse genes were used: Gapdh (forward, 5Ј-CATCACTGCCACCCAGAAGACTG-3Ј; reverse,
